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Abstract
We study the prospects for discovering an extra scalar boson S0 at the International Lin-
ear Collider (ILC) based on a full simulation of the International Large Detector (ILD). In
order to provide results in an as model-independent way as possible, the analysis uses the
recoil of the scalar against a Z boson decaying into a pair of muons, e+e−→ µµS0. This
process serves as a physics benchmark for the ILD detector performance at
√
s= 500 GeV,
specifically for the muon ID and momentum resolution, as well as for the identification of
initial state radiation photons and their energy measurement. As final results, the sensitivit-
ies for discovering the extra scalars at 2 σ level are evaluated in terms of a scale factor sin2 θ
with respect to the Standard Model value of the cross section for the Higgs–strahlung pro-
cess. Two detector models, IDR-L and IDR-S, are considered in the analysis, which differ
in radius of the tracking volume, aspect ratio and strength of the magnetic field. While the
two detector models show a visible difference in the precision of the reconstructed invariant
di-muon mass, no difference is found at the level of the final results.
This work was carried out in the framework of the ILD concept group
ar
X
iv
:2
00
5.
06
26
5v
1 
 [h
ep
-ex
]  
13
 M
ay
 20
20
2 Event Generation and Detector Simulation
1. Introduction
The motivation of this paper is to study the impact of the detector performance on the sensitivity of a
future Linear Collider to additional Higgs bosons or other new scalar particles, denoted here generically
with S0. Specifically, the detector performance in terms of the muon identification and momentum resolu-
tion, as well as for the identification of initial state radiation (ISR) photons and their energy measurement
will be studied. Since the 125-GeV Higgs boson is rather SM-like, the coupling of any additional scalar
to the Z boson, ZZS0, is expected to be small [1, 2]. Extra scalars have been searched for previously at
LEP [3, 4] and LHC [5, 6, 7, 8, 9, 10]. However, in most cases, the searches depend on model-specific
assumptions on the properties of S0. A notable exception is the recoil search by the OPAL experiment,
which is the basis of the decay-mode independent measurement of the total Higgsstrahlungs cross sec-
tion [11]. However, the OPAL results were limited by the LEP center-of-mass energy and the relatively
low luminosity.
The International Linear Collider (ILC) is a proposed electron-positron linear collider, whose lumin-
osity will be over a thousand times higher than that of LEP, which makes the recoil mass technique a
more powerful tool in the search for extra scalars [12]. The ILC can reach higher center-of-mass energies
and higher luminosities, which will cover wider search regions for the extra scalars. A generator-level
extrapolation of the LEP results to ILC at
√
s= 250 GeV has been presented in [13]. Preliminary results
for ILC operation at 250 GeV and 500 GeV based on full simulation of the ILD dector concept have been
reported at LCWS2017 [14], LCWS2018 [15] and ICHEP2018 [16]. The ILD results for
√
s=500 GeV
are superseded by this document.
The e+e− → S0Z → µ+µ−S0 channel is chosen as a benchmark signal in this analysis, since Z →
µ+µ− is the cleanest decay mode of the Z boson. Other visible decay modes, like Z→ e+e− or Z→ qq¯
can in principle also be used in this search [17, 18]. The final results will be expressed in terms of sin2 θ ,
where sinθ is the ratio of the ZZS0 coupling over the ZZH coupling for a SM Higgs boson of the same
mass as the S0.
In this analysis, important detector performance aspects are the identification and momentum meas-
urement of the two muons, as well as the identification and energy measurement of ISR photons within
the detector acceptance. ISR occurs frequently for the lower scalar masses, where MS0 +MZ 
√
s. If
the ISR photon is detected, then the event kinematics can be corrected accordingly, which improves the
separation of signal and background significantly.
2. Event Generation and Detector Simulation
The Monte-Carlo event samples used in this study have been produced in context of the ILD Interim
Design Report (IDR) [19], based on the generator-level events created for the ILC TDR [20] by the LCC
Generator Group: All the event samples are generated with 100% left-handed and right-handed beam
polarizations, using the WHIZARD 1.95 [21] for the hard event, which then passed to PYTHIA 6 [22] for
hadronization. Then the samples are reweighted with beam polarizations of ±80% for the electron beam
and±30% for the positron beam. The total integrated luminosity of 4000 fb−1 at√s= 500 GeV is shared
between the four polarisation sign configurations with fractions f (−+,+−,++,−−)= (40%,40%,10%,10%).
The signal events have been generated specifically for this analysis, using the same setup as the SM
Higgs samples from the DBD production [20], changing only the mass of the Higgs boson, while keeping
the same branching ratios as predicted by the SM for the 125 GeV Higgs boson. However, no use is made
of this assumption in the analysis. The cross section for ZS0 production assumed in event generation
equals the cross section for ZH production predicted in the SM for MH =MS0 , i.e. sinθ = 1. A total of
48 different values for MS0 are considered in the range of 10 ≤MS0 ≤ 410 GeV. The benchmark points
are generally selected every 10 GeV; near MS0 =MZ and MS0 =MH as well as near the kinematic limit,
the interval becomes 5 GeV; in mass ranges far from any SM resonance, where recoil mass distribution
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of the background is rather flat, the interval becomes 20 GeV. The full list of benchmark masses is shown
in Table 1.
10 20 30 40 50 60 70 80 85 90
95 100 105 110 115 120 130 135 140 160
180 200 220 240 260 280 290 300 310 320
325 330 335 340 345 350 355 360 365 370
375 380 385 390 395 400 405 408 - -
Table 1: Mass values in GeV of the signal samples used in the analysis.
All event samples have been simulated, reconstructed and analysed with ILCSOFT-V02-00-02 [23].
The events are simulated with the two detector configurations studied in the IDR, IDR-L (ILD_l5_o1_v02)
and IDR-S (ILD_s5_o1_v02). IDR-L is very similar to ILD as described in the ILC TDR [20], while
IDR-S features a smaller tracker radius and an increased magnetic field strength. The detailed description
of both models can be found in the IDR [19]. The γγ → low pT hadrons and e+e− seeable pair back-
ground are overlaid to all MC samples before the reconstruction. Then all the events are reconstructed
using the PandoraPFA [24] algorithm in the MARLIN framework [25] to reconstruct individual final state
particles, so-called Particle Flow Objects (PFOs).
3. Event selection
The analysis proceeds as follows: First, two oppositely charged isolated muon candidates are identified,
which have to fulfill a loose preselection described in Sec. 3.1. At this stage, we present comparisons of
the di-muon invariant mass measurement for IDR-L and IDR-S in Sec. 3.2. Next, ISR (c.f. Sec. 3.3) and
bremsstrahlung/FSR (c.f. Sec. 3.4) photon candidates are identified. The FSR photons are re-combined
with the measured muon momenta, and the event kinematics are corrected for identified ISR candidates.
Based on these corrected kinematics, two boosted decision trees are trained against the two most import-
ant background classes as described in Sec. 3.5. Finally, we discuss the main selection, the cut flow and
the composition of the remaining background in Sec. 3.6.
3.1. Muon Identification
Isolated muons are selected by the MARLIN processor ISOLATEDLEPTONTAGGING [26]. In this pro-
cessor, muons are identified mainly by their MIP signal in the calorimeters, requiring the energy depos-
ited in the calorimeters to be less than half of the track momentum. The isolation is performed by an
MVA based on a double-cone method1. A muon candidate is accepted if the MVA output is larger than
0.8 and if its momentum is larger than 10 GeV. Each event is required to have at least one µ+ and one
µ− fulfilling these criteria.
Then, if there are more than one µ+ and one µ− candidate, a pair of oppositely charged muons is
selected by minimizing the following χ2 function:
χ2(Mµ+µ− ,Mrec) =
(Mµ+µ−−MZ)2
σ2Mµ+µ−
+
(Mrec−MS0)2
σ2Mrec
, (1)
where Mµ+µ− is the invariant mass of the muon pair, and Mrec is the recoil mass, which is defined as:
M2rec = (
√
s−Eµ+µ−)2−|~pµ+µ− |2. (2)
1The double-cone method exploits various observables based on the energy deposits located within two cones of different
sizes around the muon candidate.
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σMµ+µ− and σMrec are the detector resolutions of Mµ+µ− and Mrec, which are calculated event-by-event
from the covariance matrix of the track fit. A very loose preselection is used at this stage for choosing
the muon pair: Mµ+µ− ∈ [MZ−40,MZ+40] GeV, Mrec ∈ [0,500] GeV.
3.2. Di-muon Invariant Mass Reconstruction Performance
Since the di-muon invariant mass and its uncertainty as reconstructed from the measured tracks are
important observables in this analysis, we compare the performance of IDR-L and IDR-S in terms of
these quantities.
Figure 1 shows the di-muon invariant mass distribution for signal events with different scalar masses
(MS0 = 20, 100, 300 GeV) as well as for the two fermion background as reconstructed in IDR-L and IDR-
S. In all cases, the distributions show a clear Z peak, with a width not far from the natural width, and
with a small asymmetric tail towards lower masses due to the not yet recovered FSR and bremsstrahlung.
At this level, no significant difference between the two detector models can be seen.
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Figure 1: Distributions of the muon pair invariant mass Mµ+µ− in IDR-L and IDR-S: (a) ZS
0 signal with
MS0 = 20 GeV (b) ZS
0 signal with MS0 = 100 GeV (c) ZS
0 signal with MS0 = 300 GeV (d) 2 f
background.
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In order to eliminate the effect of the natural Z width, Fig. 2 compares the event-by-event difference
between reconstructed and generated di-muon mass (MPFO−MMC) for the same four event samples in
IDR-L and IDR-S. Here, clear differences can be seen between the different event samples and the two
detector models. In the case of the two-fermion background, the mass reconstruction is worse than for
all signal benchmarks, because about half of the events have significant ISR radiation and return to the
Z pole. These Z bosons are highly boosted into the forward region, resulting in forward-going muons
with a small opening angle. In case of the signal, the Z boson is less boosted when the scalar mass is
higher, thus more muons are in the central region of the detector. For the two-fermion case, the mass
reconstruction in IDR-S and IDR-L turns out about equally precise, since the better performance of IDR-
S in the forward region relevant for the radiative-return events is averaged with the better performance of
IDR-L for the high-momentum central tracks from the di-fermion events without significant ISR. In case
of the signal samples the amount of ISR is limited, especially when the scalar mass is higher, and most
of the muons are in the barrel region, where IDR-L has better resolution. As a result, the large detector
has a better performance for reconstruction of the signal.
Finally, Fig. 3 shows the distributions of the event-by-event uncertainty on the di-muon mass, σMµ+µ− ,
propagated from the uncertainties on the track parameters from the track fit. In the case of the signal,
the large detector always has a better resolution. In the case of the two fermion background, in the
small σMµ+µ− region, the uncertainties are similar to the signal, where the muons are mostly in the
central region. When σMµ+µ− > 0.6 GeV, which typically occurs in the forward region, the small detector
performs better than the large detector.
Allthough there are some clear differences between the two detector models visible in the di-muon
reconstruction, these will not propagate in any significant way to the final result, since in the recoil mass
spectrum, they will be covered by the Z width and the beam energy spectrum.
3.3. Identification of ISR Photons
For the identification of ISR photons which reach the detector, an algorithm has been developed in the
context of this analysis based on a gradient boosted decision tree (BDTG) as implemented in TMVA [27]
in ROOT [28]. All physics processes which are often accompanied by significant ISR are included in
the training, i.e. SM Higgs production and the two- and four-fermion processes. All photon candidates
with an energy above 10 GeV (5 GeV) for |cosθ | < 0.95 (|cosθ | > 0.95) are considered. Real ISR
photons are identified by the MC truth form the “signal”, while all the other photons, including FSR and
bremsstrahlung are treated as “background”. A double-cone method, similar to the ISOLATEDLEPTONTAGGING
processor described in Sec. 3.1, is employed to quantify the degree of isolation. For each photon candid-
ate, small and large cones around the photon are constructed with opening angles of cosθs = 0.98 and
cosθl = 0.95. Figure 4 shows the ten observables used as input to the BDTG, as well as the distribution
of the BDTG output:
• the candidate photon’s energy Eγ
• the total number of particles in the small cone Ntotals
• the number of leptons in the small cone Nleptons
• the ratio of the candidate photon’s energy over the total energy sum in the small cone Eγ/E totals
• the ratio of the energy sum of all other photons in the small cone over the candidate photon’s
energy Ephotons /Eγ
• the ratio of the energy sum of all leptons in the small cone over the candidate photon’s energy
E leptons /Eγ
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Figure 2: Event-by-event difference between reconstructed and generated di-muon mass for different
types of events sampling different ranges in polar angle and momentum of the muons in IDR-L
and IDR-S: (a) ZS0 signal with MS0 = 20 GeV (b) ZS
0 signal with MS0 = 100 GeV (c) ZS
0
signal with MS0 = 300 GeV (d) 2 f background.
• the ratio of the energy sum of all charged particles in the large cone over the candidate photon’s
energy Echargel /Eγ
• the ratio of the energy sum of all other neutral particles in the large cone over the candidate photon’s
energy Eneutrall /Eγ
• the cosine of the opening angle between the candidate photon and the combined four-momentum
of all other particles in the small cone cosθ γs
• the cosine of the opening angle between the candidate photon and the combined four-momentum
of all other particles in the large cone cosθ γl .
Figure 5 shows the mistagging rate as a function of the ISR tagging efficiency in the IDR-L and IDR-S
models and for the two-fermion, four-fermion and SM-higgs-boson samples. The ISR photon tagging
6
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Figure 3: Event-by-event uncertainty on the invariant di-muon mass calculated by error propagation from
the track fit for different types of events sampling different ranges in polar angle and momentum
of the muons in IDR-L and IDR-S: (a) ZS0 signal with MS0 = 20 GeV (b) ZS
0 signal with
MS0 = 100 GeV (c) ZS
0 signal with MS0 = 300 GeV (d) 2 f background.
performs very well. The BDTG output is required to be larger than 0.8, which in case of the two-fermion
samples corresponds to an efficiency of 99.3% at a mistagging rate for other photons of 8.1%. For tighter
cuts on the BDTG output, the mistagging rate remains nearly constant, while only the signal efficiency
drops. Due to the large cross section of the two-fermion processes, and the large number of cases where
the ISR photon escapes undetected, there will be still a large number of events with a non-ISR photon
mistagged as ISR. Both detector models perform very similar in terms of the ISR identification.
The ISR information will be used in several ways. If an ISR photon is identified in an event, this photon
will be excluded from the bremsstrahlung/FSR recovery described in the next section, and the kinematics
of events with an ISR photon will be corrected by boosting the rest of the event, in particular the muons
(incl. any recovered bremsstrahlung/FSR photons), into the reduced centre-of-mass frame of the hard
interaction. These boosted quantities will be used in the MVAs described in Sec. 3.5. Since in particular
the radiative return events have much higher ISR photon energies than possible in ZS production, events
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Figure 4: The input observables and the BDTG output for the ISR photon identification.
with a very high-energetic ISR photon will be vetoed in the last analysis step as described in Sec. 3.6.
3.4. Recovery of Bremsstrahlung and FSR Photons
After selecting the muon pair (c.f. Sec. 3.1) and possibly an ISR candidate (c.f. Sec. 3.3), bremsstrahlung
and final-state radiation (FSR) photons are identified and recombined with the muons. The four-momenta
of photons which fulfill cosθγ−µ > 0.99 are added to the four-momentum of the muon, following the
procedure developed for the SM Higgs recoil analysis [18].
Figure 6 compares the reconstructed Z candidate mass distribution in the two-fermion samples before
and after bremsstrahlung/FSR recovery for IDR-L and IDR-S. The dashed lines show the invariant mass
of the pure muons without a bremsstrahlung/FSR recovery, and are the same as in Fig. 1(d), while
the solid lines include bremsstrahlung/FSR recovery, which will be used in the further selections (e.g.
8
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Figure 5: The ISR photon tagging efficiency for the ISR photons and non-ISR photons in IDR-L
and IDR-S. The blue/black/red curves are the efficiencies for two-fermion/four-fermion/higgs
samples, respectively.
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Figure 6: Comparison of the reconstructed Z candidate mass in the two-fermion samples with (solid
lines) and without (dashed lines) bremsstrahlung/FSR recovery for IDR-L (blue) and IDR-S
(red).
Fig. 7(a) and 8(a)). It can be seen that the recovery process concentrates the MFSRµ+µ− spectrum to the
peak, especially for the events in the lower end tail. The peak position is shifted to higher masses by
only about 60 MeV by the photon recovery procedure. Still, the post-recovery distribution seems to have
a somewhat over-compensating effect. Here, there is still room for improvement by developing a more
sophisticated algorithm. With the current reconstruction, the difference between IDR-L and IDR-S is
much smaller than the effect of the bremsstrahlung/FSR recovery.
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3.5. Rejection of the Two- and Four-Fermion Backgrounds
The main selection comprises cuts on the output of two BDTGs, one trained specifically against the
two-fermion background (2f-MVA), and the other against all other backgrounds, which are dominated
by the four-fermion events (4f-MVA). Both BDTGs are trained for each scalar mass. The two-fermion
processes are the most important background for low mass scalars, while the four-fermion processes
are dominant when the scalar mass is above the Z resonance. Six-fermion backgrounds only become
relevant for scalar masses above 200 GeV. As a result, training two different BDTGs not only helps the
optimization of the BDTGs themselvs, but also allows to efficienctly adjust the selection for the different
ranges of scalar masses by choosing appropriate cuts on the BDTG outputs. Both BDTGs are trained
using the same six input variables, all calculated after the FSR recovery, and after boosting into the
centre-of-mass system of the hard interaction based on the highest-energetic ISR candidate found in the
event:
• the mass of the Z boson candidate: MFSRµ+µ− ,
• the polar angle of each muon: cosθFSRµ+ , cosθFSRµ− ,
• the polar angle of the Z boson candidate: cosθFSRµµ ,
• the opening angle of the muon pair: cosθFSRµ−µ ,
• the acoplanarity between the muons: pi− (φµ+−φµ−).
There are also some other variables, which may reflect the difference between signal and backgrounds,
such as σMµ+µ− , as shown in Fig. 3. However, since the mass resolution mainly depends on the polar
angle of the muons, this variable is highly correlated with the inputs listed above and does not improve
the BDTG when added as an additional input.
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Figure 7: The input distributions to the 2f-MVA for MS0 = 20 GeV based on IDR-L.
Figures 7 and 8 show the input variable distributions obtained with IDR-L for the 2f-MVA and the
4f-MVA, respectively, for the example of MS0 = 20 GeV. Figure 9 displays the corresponding BDTG
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Figure 8: The input distributions to the 4f-MVA for MS0 = 20 GeV based on IDR-L.
outputs. The 2f-MVA gives a very clear separation between the signal and the 2f backgrounds, while
there is large overlap area between the signal and backgrounds in 4f-MVA output. This difference arises
to a large extent due to the much better separation power of the acoplanarity in the 2f-MVA. As can be
seen in Fig. 7(f), the two muons are almost back-to-back (acoplanarity ' 0) in case of the two-fermion
background, especially since in cases where the ISR photon is detected the event is boosted into the
centre-of-mass frame of the hard interaction. In case of the four-fermion background, the acoplanarity
distribution has a much larger overlap with the signal, c.f. Fig. 8(f).
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Figure 9: Output distributions of the BDTGs trained for the case of MS0 = 20 GeV based on IDR-L:
(a) 2f-MVA (b) 4f-MVA. The corresponding input distributions are shown in Figs. 7 and 8,
respectively.
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3.6. Main Selection
The ingredients presented in the previous sections are then brought together in the actual main event
selection. Following the loose preselection of Z→ µ+µ− candidates introduced in Sec. 3.1, cuts on the
variables listed in Table 2 are applied. A full optimisation of the cut values has been performed for the
IDR-L model, and after several cross checks it turned out that the same values can safely be employed
for the IDR-S analyses. The ISR photon cut vetoes events with very high energetic ISR photons, in
particular two-fermion events returning to the Z pole, which corresponds to a photon energy of about
240 GeV. Considering the reconstruction efficiency in different angular regions of the detector, events
with any identified ISR photon candidate with Eγ > 230 GeV for |cosθ | < 0.95 or Eγ > 150 GeV for
|cosθ |> 0.95 are vetoed.
MFSRµ+µ− ∈ [70,110]GeV
PT,FSR
µ+µ−
∈ [0,245]GeV
σ(Mµ+µ−) ∈ [0,1]GeV
MVA2 f ∈ [0.75,1]
MVA4 f ∈ [0.5,1]
ISR photon none, or Ecentral(forward)γ < 230(150)GeV
Table 2: The cuts after the preselection for IDR-L and IDR-S. The MVA-cuts have been optimised for
each scalar mass, the values given here correspond to MS0 = 20 GeV. The corresponding values
for all signal masses can be found in Table 5 in the Appendix.
The optimization of the cut values has been performed based on the significance Σ= S/
√
S+B, where
B is the number of remaining background events, and S is the number of signal events expected if the
scalar had the same cross section as predicted by the SM for a Higgs boson with the same mass. Thereby,
both S and B are counted in a mass window of MS0 − 20 GeV< Mrec < 450 GeV. The whole event
selection does not make use of any property of the decay products of the extra scalar.
Examples of the cut flow for IDR-L and IDR-S are given for the P(e−,e+) = (−80%,+30%) data set,
normalised to its nominal luminosity of 1600 fb−1, for the cases of MS0 = 20 GeV, MS0 = 100 GeV and
MS0 = 300 GeV in Table 3. The last row in each table gives the event numbers in the mass window used
for the cut optimisation. This is, however, for information only, since the full mass range, i.e. all events
remaining after the ISR veto, will be passed to the final sensitivity calculation. All background processes
which have a sizable event count after the MFSRµ+µ− & P
T,FSR
µ+µ−
cut are shown in individual columns. The
column Btotal includes all analysed background processes.
The recoil mass distributions after the full selection, which will be the input to the final sensitivity
calculation, are shown in Fig. 10 for the examples of MS0 = 20,100,200 and 300 GeV. In all cases,
the signal distributions, which are normalised to sin2 θ = 1, peak around the corresponding value of MS0 .
The smaller MS0 , the wider the recoil peak becomes due to the increased probability of ISR. The different
shapes of the background distributions originate from the MS0-dependent optimisation of the MVA-based
part of the selection. For all low and medium MS0 , the peaks of the Z and the 125 GeV Higgs bosons can
be clearly seen in the background distribution.
Figure 11 shows two examples of the recoil mass distributions obtained from running the whole ana-
lysis on the “Pythia-stable-particle” level, i.e. at truth level after the hadronisation step, for MS0 = 20 and
200 GeV and again sin2 θ = 1. In the case of MS0 = 200 GeV, the recoil distributions at “Pythia-stable-
particle” level and after full reconstruction are rather similar. The peaks are sharper at truth level and
the overall events numbers are higher, but in particular in the region of the signal peak, the signal-to-
background ratio is very similar between truth and reconstruction levels. Thus we expect also the final
sensitivity to be similar. The situation is quite different for the low mass case of MS0 = 20 GeV: In the
12
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a IDR-L, MS0 = 20 GeV
MS0 = 20 µ
+µ−h 4 fl 4 fsl 2 fl 6 fall Btotal ε Σ
no cut (σ × ∫ L dt) 10459.6 5519.2 1.69×107 2.11×107 5.44×106 1.88×106 9.06×107 1 1.10
MFSRµ+µ− & P
T,FSR
µ+µ−
7399.8 4805.03 101307 56558.1 539243 5662.55 707576 0.71 8.75
σ(Mµ+µ− ) 6844.3 4696.5 84630.5 46201.9 246899 5505.6 387933 0.65 10.89
MVA2 f 4462 4072.9 17488.4 19326.2 8052.9 1808 50748.4 0.43 18.99
MVA4 f 2908.7 2347.2 3601.8 5674.5 3337.1 177.9 15138.6 0.28 21.65
ISR photon veto 2906.7 2347.2 3601.6 5674.5 1058.4 177.9 12859.7 0.28 23.15
MS0 −20 GeV<Mrec < 450 GeV 2906.7 2347.2 3601.6 5674.5 1058.4 177.9 12859.7 0.28 23.15
b IDR-S, MS0 = 20 GeV
MS0 = 20 µ
+µ−h 4 fl 4 fsl 2 fl 6 f Btotal ε Σ
no cut (σ × ∫ L dt) 10459.6 5519.2 1.69×107 2.11×107 5.44×106 1.88×106 9.06×107 1 1.10
MFSRµ+µ− & P
T,FSR
µ+µ−
7394.4 4804.5 102839 56861.5 540588 6150.0 711243 0.71 8.72
σ(Mµ+µ− ) 6951.9 4721.1 89473.6 48226.9 305135 6026.6 453583 0.66 10.24
MVA2 f 4430.7 4075.1 18137 19007.4 9303.8 2059.2 52582.5 0.42 18.56
MVA4 f 2877.2 2335.3 3734.9 5716.4 3820 201.8 15808.4 0.28 21.05
ISR photon veto 2875.3 2334.2 3733 5716.4 974 201.8 12959.4 0.28 22.85
MS0 −20 GeV<Mrec < 450 GeV 2875.3 2334.2 3733 5716.4 974 201.8 12959.4 0.28 22.85
c IDR-L, MS0 = 100 GeV
MS0 = 100 µ
+µ−h 4 fl 4 fsl 2 fl 6 f Btotal ε Σ
no cut (σ × ∫ L dt) 5915.8 5519.2 1.69×107 2.11×107 5.44×106 1.88×106 9.06×107 1 0.62
MFSRµ+µ− & P
T,FSR
µ+µ−
4634.1 4345.9 64602.5 51709.3 509212 1936.4 631806 0.78 5.81
σ(Mµ+µ− ) 4485.7 4237.3 47988.4 41353.1 216868 1779.5 312226 0.76 7.97
MVA2 f 3806.3 3628.5 9741.5 14999.4 5837.9 605.5 34812.8 0.64 19.37
MVA4 f 3134.1 2882.8 4852.1 7955.6 3578.2 281.6 19550.2 0.53 20.81
ISR photon veto 3134.1 2882.8 4851.8 7955.6 1380.1 281.6 17351.9 0.53 21.9
MS0 −20 GeV<Mrec < 450 GeV 3094.2 2877.2 4648.7 7693.9 654.1 281.6 16155.5 0.52 22.3
d IDR-S, MS0 = 100 GeV
MS0 = 100 µ
+µ−h 4 fl 4 fsl 2 fl 6 f Btotal ε Σ
no cut (σ × ∫ L dt) 5915.8 5519.2 1.69×107 2.11×107 5.44×106 1.88×106 9.06×107 1 0.62
MFSRµ+µ− & P
T,FSR
µ+µ−
4670.3 4399.4 64239.4 52079.5 507098 2058.5 629875 0.79 5.86
σ(Mµ+µ− ) 4548.8 4316.0 50915.9 43444.9 271645 1935.1 372257 0.77 7.41
MVA2 f 3872 3707.4 10589.8 15193.9 6780 716.7 36987.8 0.65 19.16
MVA4 f 3146.4 2880.8 5175.9 7952.5 4267 318.6 20594.6 0.53 20.42
ISR photon veto 3145.5 2879.7 5171.7 7952.5 1279.2 318.5 17601.6 0.53 21.84
MS0 −20 GeV<Mrec < 450 GeV 3108.6 2870 4913.8 7631.6 496.5 318.4 16230.2 0.53 22.35
e IDR-L, MS0 = 300 GeV
MS0 = 300 µ
+µ−h 4 fl 4 fsl 2 fl 6 f Btotal ε Σ
no cut (σ × ∫ L dt) 1558.8 5519.2 1.69×107 2.11×107 5.44×106 1.88×106 9.06×107 1 0.16
MFSRµ+µ− & P
T,FSR
µ+µ−
1192.1 1469.4 65459.8 31938.8 451439 3225.3 553532 0.76 1.60
σ(Mµ+µ− ) 1178.2 1361.9 48910.5 21582.5 159095 3070.4 234020 0.76 2.43
MVA2 f 959.5 475.6 8182.1 2854.9 649.4 1450.4 13612.5 0.62 7.95
MVA4 f 883.4 308.5 5318.2 1798.9 400.2 993 8818.9 0.57 8.97
ISR photon veto 883.4 304.1 5308.8 1787.5 371.1 992.9 8764.4 0.57 8.99
MS0 −20 GeV<Mrec < 450 GeV 877.7 186.3 4158.3 1105.4 128.7 796.8 6375.5 0.56 10.31
f IDR-S, MS0 = 300 GeV
MS0 = 300 µ
+µ−h 4 fl 4 fsl 2 fl 6 f Btotal ε Σ
no cut (σ × ∫ L dt) 1558.8 5519.2 1.69×107 2.11×107 5.44×106 1.88×106 9.06×107 1 0.16
MFSRµ+µ− & P
T,FSR
µ+µ−
1206.7 2012.1 64036.7 31028.2 445395 3410.5 545882 0.77 1.63
σ(Mµ+µ− ) 1193.3 1929.8 50784.8 22393.6 205009 3288.5 283406 0.77 2.24
MVA2 f 968.7 498.2 9220.5 3008.8 1470.4 1597.7 15795.5 0.62 7.48
MVA4 f 873.3 343 5824.1 1999.1 795.1 1064 10025.2 0.56 8.37
ISR photon veto 872.7 339.7 5809.9 1991.3 795.1 1063.8 9999.7 0.56 8.37
MS0 −20 GeV<Mrec < 450 GeV 868 198.5 4429.9 1123 312.2 853.7 6917.3 0.56 9.84
Table 3: Cut flow for MS0 = 20,100 and 300 GeV in IDR-L and IDR-S for 1600 fb
−1 of data with
P(e−,e+) = (−80%,+30%). The signal is normalised to sin2 θ = 1.
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Figure 10: The recoil mass distributions after the ISR photon veto cut for signal and backgrounds within
IDR-L model on the running scenario, when MS0 = 20,100,200,300 GeV and sin
2 θ = 1.
important recoil mass range below ' 90 GeV, the signal-to-background ratio is much worse after full
reconstruction compared to the truth level.
In order to shed further light on this fact, Table 4 shows the background decompostion and the signal
significance for MS0 = 20 GeV for the whole recoil mass range and for the region below 90 GeV, both at
“Pythia-stable-particle” and at full reconstruction level (IDR-L). The signal significance in the relevant
mass window drops from 44 on truth level to 32 on reconstruction level which is partially due to 25% less
signal events being selected, and partially due to the background increasing by more than a factor 2. The
largest increase in background originates from the e+e−→ µ+µ−γ process (2 fl category), followed by
the ZZ→ µ+µ−qq¯ (4 fsl category). Both are harder to reject due to imperfections in the identification of
the ISR photon, due missing ISR real photons and due to misidentifying photons from jets as ISR, which
leads to a migration into the low recoil mass region. Thus an important conclusion from this study is
that the most important detector and reconstruction performance aspect for this channel is not the muon
identification or momentum resolution, but the correct identification of ISR photons.
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Figure 11: The recoil mass distributions after the ISR photon veto cut for signal and backgrounds within
Pythia stable particles, when MS0 = 20,200 GeV and sin
2 θ = 1.
Pythia case MS0 = 20 µ
+µ−h 4 fl 4 fsl 2 fl 6 fl total B Σ
Mrec = [0-450] GeV 4216.0 3256.9 6809.9 9910 31.8 533.3 20541.9 26.79
Mrec = [0-90] GeV 2667.2 0 491.6 462.1 0 0 953.7 44.32
IDR-L MS0 = 20 µ
+µ−h 4 fl 4 fsl 2 fl 6 fl total B Σ
Mrec = [0-450] GeV 2906.7 2347.2 3601.6 5674.5 1058.4 177.9 12859.7 23.15
Mrec = [0-90] GeV 2034.5 7.8 486.1 811.4 639.9 0 1945.2 32.25
Table 4: Background decompostion for MS0 = 20 GeV, both at “Pythia-stable-particle” and at full recon-
struction level (IDR-L).
4. Results
The recoil mass distributions as shown in Fig. 10 are input to the final sensitivity calculation via a
frequentist approach based on fractional event counting. For each considered mass of of the scalar, the
value of sin2 θ which is expected to be excluded at the 95% confidence level (CL) in absence of a signal
is calculated using the CLS-method [29]. The calculation is performed using the package TSYSLIMIT,
which was originally written for leptoquark searches at HERA [30].
Figure 12(a) shows the resulting 95% CL sensitivity on sin2 θ as a function of MS0 for ILC operation
at
√
s= 500 GeV. Also shown, as blue dashed line, is the corresponding limit observed by the OPAL col-
laboration [11]. The OPAL result is based on a combination of the Z→ e+e− and Z→ µ+µ− channels
while the analysis in this note only uses the Z → µ+µ− events. In order to compare directly, the ILD
projections have been scaled by a factor 1/
√
2, assuming that the sensitivity for the Z→ e+e− channel
is similar to the Z→ µ+µ− channel analysed here, which is supported by the roughly similar perform-
ance of the two channels in the measurement of the total ZH(125) cross section via the same recoil
technique [18]. The ILC would cover large additional parameter space, both in sin2 θ as well as in MS0 ,
compared to the OPAL result. There is no significant difference between IDR-L (the blue solid line) and
IDR-S (the red solid line). The red dashed line shows the result obtained on the “Pythia-stable-particle”
level, i.e. from the recoil distributions shown in Fig. 11. At low masses, a clear difference to the full
reconstruction result can be seen, as expected based on the discussion of Table 4. For masses above the
Z resonance, the full reconstruction result is as good as the truth level expectation.
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Figure 12: (a) Expected sensitivity of ILC500 at the 95% CL for IDR-L and IDR-S compared to the
existing limit from LEP. (b) Corresponding result for the ILC run at
√
s = 250 GeV. In both
cases, the “Pythia-stable-particle” level result is also shown.
Although the 500 GeV projection promisses a significant improvement over the OPAL result, even
stronger constraints on sin2 θ can be obtained for the kinematically accessible masses at the inital ILC
run at 250 GeV. Figure 12(b) the corresponding (preliminary) projection [15] for
√
s= 250 GeV with the
canonic ILC running assumptions for this energy (namely 2 ab−1 with |P(e+e−)| = (30%,80%) shared
according to f (−+,+−,++,−−) = (45%,45%,5%,5%)), again compared to the OPAL result and the
“Pythia-stable-particle” level. Also in this case, the impact of detector and reconstruction performance is
largest for scalar masses below the Z pole, due to the imperfections in the ISR reconstruction discussed
above.
5. Conclusions
The potential of the ILC to search for new scalars in a model-independent way via the recoil tech-
nique has been investigated in full simulation of the ILD concept. Two different variants of the ILD
detector have been compared at
√
s = 500 GeV, assuming an integrated luminosity of 4000 fb−1 and
beam polarisations of |P(e+e−)|= (30%,80%), shared between the (−+,+−,++,−−) configurations
as (40%,40%,10%,10%), i.e. (1600,1600,400,400) fb−1. Expected sensitivities at 95% CL for the
cross section scale factor with respect to the SM Higgs, sin2 θ , are shown for scalar masses between 10
and 410 GeV. They are one or two orders of magnitudes more sensitive than those obtained at LEP, and
covering substantial new phase space. No obvious difference between IDR-L and IDR-S is observed for
this analysis. The most significant limitation comes from the ISR photon identification.
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A. MVA output cut values for all scalar masses
In this appendix, the MVA cuts for different scalar masses are shown in Table 5. These cuts are used for
both IDR-L and IDR-S.
MS0 10 20 30 40 50 60 70 80 85 90
MVA2 f [0.8,1] [0.85,1] [0.85,1] [0.9,1] [0.85,1] [0.85,1] [0.9,1] [0.9,1] [0.9,1] [0.9,1]
MVA4 f [0.4,1] [0.5,1] [0.4,1] [0.4,1] [0.3,1] [0.4,1] [0.4,1] [0.3,1] [0.4,1] [0.4,1]
MS0 95 100 105 110 115 120 130 135 140 160
MVA2 f [0.9,1] [0.9,1] [0.9,1] [0.9,1] [0.9,1] [0.9,1] [0.85,1] [0.9,1] [0.9,1] [0.9,1]
MVA4 f [0.4,1] [0.4,1] [0.4,1] [0.4,1] [0.4,1] [0.4,1] [0.4,1] [0.4,1] [0.4,1] [0.4,1]
MS0 180 200 220 240 260 280 290 300 310 320
MVA2 f [0.9,1] [0.9,1] [0.9,1] [0.9,1] [0.9,1] [0.75,1] [0.9,1] [0.95,1] [0.95,1] [0.95,1]
MVA4 f [0.4,1] [0.5,1] [0.4,1] [0.5,1] [0.5,1] [0.5,1] [0.5,1] [0.5,1] [0.5,1] [0.6,1]
MS0 325 330 335 340 345 350 355 360 365 370
MVA2 f [0.95,1] [0.95,1] [0.95,1] [0.95,1] [0.95,1] [0.95,1] [0.95,1] [0.95,1] [0.95,1] [0.95,1]
MVA4 f [0.6,1] [0.6,1] [0.6,1] [0.6,1] [0.6,1] [0.6,1] [0.6,1] [0.6,1] [0.4,1] [0.4,1]
MS0 375 380 385 390 395 400 405 408 - -
MVA2 f [0.75,1] [0.75,1] [0.75,1] [0.75,1] [0.75,1] [0.75,1] [0.75,1] [0.75,1] - -
MVA4 f [0.5,1] [0.5,1] [0.5,1] [0.5,1] [0.5,1] [0.5,1] [0.5,1] [0.5,1] - -
Table 5: The MVA cuts for different scalar masses. These cuts are used for both IDR-L and IDR-S.
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